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Evguenieva-Hackenberg).We studied the substrate speciﬁcity of the exosome of Sulfolobus solfataricus using the catalytically
active Rrp41–Rrp42-hexamer and complexes containing the RNA-binding subunits Rrp4 or Csl4. The
conservation of both Rrp4 and Csl4 in archaeal and eukaryotic exosomes suggests speciﬁc functions
for each of them. We found that they confer different speciﬁcities to the exosome: RNA with an A-
poor 30-end is degraded with higher efﬁciency by the Csl4-exosome, while the Rrp4-exosome
strongly prefers poly(A)-RNA. High C-content and polyuridylation negatively inﬂuence RNA process-
ing by all complexes, and, in contrast to the hexamer, the Rrp4-exosome prefers longer substrates.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction that RNA is bound by the S1-subunits and the single stranded 30-The exosome was originally described as a protein complex
with essential functions in RNA processing and degradation in Euk-
arya [1]. Most Archaea harbor a similar complex named the archa-
eal exosome [2,3]. The structure of this complex is similar to the
structures of the nine-subunit core of the eukaryotic exosome
and of the bacterial polynucleotide phosphorylase (PNPase)
(Supplementary Fig. 1). Each monomer of the homotrimeric
PNPase contains two ribonuclease (RNase) PH-like domains (RPDs)
and the RNA-binding domains KH and S1. In the trimer, the RPDs
are arranged in a catalytically active hexameric ring, on the top
of which the KH and S1 domains are located [4]. In the archaeal
exosome, the catalytically active hexameric ring is composed of
alternating, RPD-domain containing Rrp41 and Rrp42 polypeptides
[5]. On the top of the hexamer, a trimeric cap of RNA-binding sub-
units is located, which may contain Rrp4 (with an S1 domain and a
KH domain), Csl4 (with an S1 domain and Zn-ribbon domain)
(Fig. 1A), or a mixture of both, forming nine-subunit exosomes of
different compositions [6]. Similar to PNPase, the archaeal nine-
subunit exosome is a phosphorolytic 30–50 exoribonuclease, but
also synthesizes heteropolymeric RNA-tails [7–10]. It is assumedchemical Societies. Published by E
mikro.bio.uni-giessen.de (E.end is thread through the central channel to reach an active site
on the bottom of the hexameric ring (Fig. 1A [11]). In contrast to
the archaeal exosome and PNPase, the nine-subunit form of the
eukaryotic exosome is catalytically inactive, despite its similar
structure – six different RPD-containing subunits (including
Rrp41 and Rrp42) are arranged in a ring, to which the RNA-binding
subunits Rrp4, Rrp40 (each of them harbors an S1 domain and a KH
domain) and Csl4 (harbors an S1 domain and a Zn-ribbon-like do-
main) are bound. This nine-subunit complex recruits substrates in
a similar way like PNPase and the archaeal exosome, and channels
the single stranded 30-end to the catalytically active, 10th core sub-
unit of the exosome, Rrp44, which interacts with the bottom of the
hexameric ring (Supplementary Fig. 1 [12–15]).
Although the archaeal exosome functionally resembles PNPase,
it shows important structural similarities to the eukaryotic exo-
some (Supplementary Fig. 1). It is noteworthy that Rrp4 and
Csl4 are conserved in the exosomes of Archaea and Eukarya
[3,16–18], suggesting important differential roles for these pro-
teins, most probably in substrate selection. The archaeal exosome
is a suitable system for analysis of the functions of Rrp4 and Csl4:
in contrast to the eukaryotic exosome, active protein complexes
with homotrimeric Rrp4 or Csl4 caps bound to the hexameric
core can be reconstituted [6,9–11]. Previously it was shown that
Rrp4 and Csl4 increase substrate binding by the archaeal
exosome, and that Rrp4- or Csl4-containing exosomes degradelsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the nine-subunit exosomes and the substrates used in this study. (A) Rrp4- and Csl4-exosome, and the central channel with bound RNA.
Cylinders, the RPD-subunits Rrp41 and Rrp42. Ovals, the S1-subunits Rrp4 or Csl4. Small black circles, the RNA chain. The ﬁrst four nucleotides (numbering from the 30-end)
are bound at the active site, the 10th nucleotide interacts with the neck of the hexamer, the 15th nucleotide reaches the S1-pore [11]. (B) The names of the substrates are
given. The proposed single stranded 30-end of MCS-RNA [10] is underlined.
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hexamer alone [6,9,10].
However, the substrate speciﬁcity of the different complexes
was not studied so far. For the eukaryotic exosome it is known that
the Zn-ribbon-like domain of the eukaryotic Csl4 is important for
mRNA degradation [16], and that RPD-domains of the hexameric
ring preferentially bind AU-rich and poly (U)-RNA [19]. The S1-do-
main of chloroplast PNPase shows preference for poly(A) and
poly(U) RNA [20], and an RPD-domain of Escherichia coli PNPase
prefers AU-rich RNA [19]. In this work we analyzed the speciﬁcity
of recombinant S. solfataricus exosomes using the substrates shown
in Fig. 1B. All substrates are long enough to span the distance be-
tween the active site at the bottom of the hexamer and the S1 pore
at the top of the exosome (Fig. 1A [11]) and should be useful to ad-
dress the role of Rrp4 and Csl4 in substrate speciﬁcity. We found
that Rrp4 and Csl4 confer different speciﬁcities to the exosome.
2. Materials and methods
Labelling of 30-meric poly(A) [9] at the 50-end, in vitro tran-
scription of internally labelled MCS-RNA derived from the multiple
cloning site of pSP72 and of other short, heteropolymeric tran-
scripts, and puriﬁcation of substrates through denaturing gels were
previously described [10]. To synthesize tailed MCS-RNA variants,
T7-promotor containing PCR products were generated with T7-for-
ward-primer (50-TAATACGACTCACTATAGGG-30) and one of the fol-
lowing oligonucleotides (MWG Operon) 50-(T)20 CGAGCAGCTGAA
GCTT-30 for MCS-RNA(A)20, 50-(A)20 TCGAGCA-GCTGAAGCTT-30
for MCS-RNA(U)20, and 50-CTCCTTTTATAATTATCCCTCGAGCAGCT-
GAAGCTTG-30 for MCS-RNA19hetero. For in vitro transcription of
MCS-RNA 20 nucleotide (nt) and 30 nt variants, the primer 50-
TCGAGCAGCTGAAGCTTCCCTATAGTGAGTCGTATTA-30 and 50-TCGA
GCAGCTGAAGCTTGCATGCCTGCACCCTATAGTGAGTCGTATTA-30 were
annealed with the T7-oligonucleotide (50-TAATACGACTCACTA-TAGGG-30), and the MEGAshortscript™ Kit (Ambion) was used. Oli-
gonucleotides with a 30-sequence complementary to the T7-
oligonucleotide were also used for the in vitro transcription of
the GGG(CA)15 and G(GU)16 substrates. Heteropolymeric tran-
scripts were internally labelled using [a-32P] UTP or [a-32P] ATP.
Assays were performed at 60 C with 1.000 c.p.m. substrate as
described [10]. The buffer for degradation assays contained
20 mM HEPES, pH 7.9; 60 mM KCl; 8 mMMgCl2; 0.1 mM ethylene-
diaminetetraacetic acid ; 2 mM dithiothreitol and 10 mM K2HPO4.
The buffer for polyadenylation assays contained 2 mM instead of
8 mM MgCl2, and 10 mM ADP instead of K2HPO4. 0.6 pmol of the
respective protein complex were used in each assay. The amount
of the substrate and the incubation time are indicated. Puriﬁcation
of the recombinant exosome subunits under native conditions,
reconstitution of the complexes and separation of substrates and
products on denaturing gels were performed as described [10].
Signals were detected and quantiﬁed using a BioRad molecular
imager and the Quantity One software (BioRad). For calculation of
the nt content of published RNA-tails, 30-adenines which may orig-
inate from the primer used for reverse transcription and cloning
were not considered.
3. Results and discussion
3.1. The Rrp4-exosome strongly prefers poly(A)
The posttranscriptional synthesis of poly(A) or A-rich tails in
bacteria is a part of RNA-degradation pathways [3,7]. To test
whether archaeal RNA-tails promote degradation by the exosome,
we compared the degradation of MCS-RNA with those of a MCS-
RNA variant with an A-rich heteropolymeric tail of 19 nt (MCS-
RNA19hetero, Fig. 1B) using the Rrp4-exosome, the Csl4-exosome
and the hexamer (Fig. 2). The sequence of the heteropolymeric tail
corresponds to that of a previously described, natural S. solfataricus
V. Roppelt et al. / FEBS Letters 584 (2010) 2931–2936 2933tail [8]. In agreement with previously published data [10], RNA was
degraded faster by the nine-subunit complexes than by the
hexamer (Fig. 2). The hexamer and the Rrp4-exosome degraded
MCS-RNA19hetero with higher efﬁciency than MCS-RNA (Fig. 2A
and C). In contrast, both substrates were degraded with similar
efﬁciency by the Csl4-exosome (Fig. 2B). Interestingly, MCS-RNA10
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RNA19hetero by the different nine-subunit complexes raised the
question whether Rrp4 and Csl4 have different afﬁnities, for
poly(A). This may be physiologically relevant, since poly(A)
stretches are parts of the RNA-tails in S. solfataricus. The competi-
tion experiments in Fig. 3A and B show that the Rrp4-exosome,
in contrast to the Csl4-exosome and the hexamer, strongly prefers
poly(A). The labelled poly(A) 30-mer is degraded or prolonged by
the Rrp4-exosome even in high excess of non-labelled tRNA. In
contrast, the hexamer and the Csl4-exosome are occupied by the
competitor RNA, and therefore poly(A) remains essentially un-
touched, although the hexamer and the Csl4-exosome can degrade
poly(A) (see Supplementary Fig. 2 and Ref. [9]). We conclude that S.
solfataricus Csl4 is helpful for the interaction of A-poor RNAs, while
Rrp4 confers poly(A)-speciﬁcity to the exosome. The presence of
RNA-binding subunits with different speciﬁcities can thus promote
processing and degradation of a broad variety of substrates by the
exosome in the cell.
Interestingly, a poly(A)-degradation product of approximately
25 nt accumulates, which is obviously displaced by tRNA. Similar
results were obtained with MCS-RNA as competitor, as well as with
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Fig. 4. In contrast to the hexamer, the Rrp4-exosome prefers long over short RNAs.
Degradation of labelled 0.008 pmol poly(A)-RNA in presence of 200 pmol non-
labelled competitor RNA of different length by (A) the hexamer (41/42) (B) the
Cs14-exosome (Cs14/41/42) and (C) the Rrp4-exosome (Rrp4/41/42). The compet-
itor RNAs and the used protein complexes are indicated (description as in Fig. 2).
The graphs show the relative amount of the remaining poly(A) 30-mer against the
incubation time (data from two independent experiments; see also Supplementary
Table 2).30 nt of this transcript (Fig. 3C and Supplementary Fig. 3). The data
suggest that the 25 nt poly(A), too short to bind simultaneously to
the central channel of the hexamer and to certain Rrp4 domain(s),
is displaced by a next substrate, even if this substrate is shorter.
Our observation is in agreement with the two-step model of sub-
strate recognition by E. coli PNPase, and by the proposed key role
of its S1 and KH domains for displacement of a stalled substrate
and for substrate release [21]. According to this model, a stalled
poly(A) degradation product of 25 nt (previously described in Ref.
[9]), is displaced by the next substrate interacting with the RNA-
binding domain(s) of Rrp4. We conclude that Rrp4 is involved in
substrate release by the exosome.
3.2. In contrast to the hexamer, the Rrp4-exosome prefers long
substrates
The existence of multiple RNA binding sites in the central chan-
nel of the hexamer and on the Rrp4 and Csl4 subunits led us to
investigate whether RNAs of different length interact differently
with the hexamer or the nine-subunit exosomes. Experiments
were performed with labelled poly(A)-RNA and non-labelled com-
petitors of different length: MCS-RNA (97 nt), MCS-RNA(A)20, and
the shorter versions of MCS-RNA of 20 nt or 30 nt, which have
the same 30-end like the 97 nt-transcript (Fig. 1B and Supplemen-
tary Fig. 3).
Fig. 4 shows that with each of the different protein complexes,
MCS-RNA(A)20 is a successful competitor, probably because its 30-
end is single stranded and is identical to that of the labelled 30-
meric poly(A)-RNA. Fig. 4B shows that all MCS-based RNAs are suc-
cessful competitors when the Csl4-exosome is used (time point
30 s). This is in agreement with the results in Fig. 2B and D suggest-
ing an afﬁnity of the Csl4-exosome for the 30-end of MCS-RNA. The
differences at time point 60 s (Fig. 4B) suggest that the 20 nt and
30 nt competitors were already degraded leading to decay of la-
beled poly(A), while the long competitors still occupy the Csl4-exo-
some. When the hexamer is used, the 20 nt and 30 nt MCS-RNA41
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(Fig. 4A), while MCS-RNA of 97 nt is a better competitor than its
short variants when the Rrp4-exosome is used (Fig. 4C, time point
30 s). The smaller differences at time point 60 s (Fig. 4C) can be ex-
plained by the high afﬁnity of the Rrp4-exosome for poly(A)-RNA
(see Fig. 3).
We conclude that the Rrp4-exosome, in contrast to the hexa-
mer, can efﬁciently interact with long RNAs. Most probably, bind-
ing of a substrate to the Rrp4-binding cap and to the central
channel of the hexamer is important for stabilization of the inter-
action between a substrate and the exosome.
3.3. High C-content and a poly(U)-tail inhibit the exosome
To learn more about the natural substrates of the exosome, we
analysed the nucleotide content of previously sequenced hetero-
polymeric RNA-tails in S. solfataricus [8]. When the sequence of
all published tails is considered, they contain 45% A, 32% G, 18%
U and 5% C. In light of the relatively high G-content of the S. solfa-
taricus tails, their extremely low C-content is necessary to avoid
strong secondary structures preventing RNA degradation. Low U-
content also ensures less secondary structure formation. Since it
is assumed that naturally occurring RNA-tails serve as loading plat-
forms for the exosome, their sequences should enable efﬁcient
interactions with this protein complex. The strong underrepresen-
tation of C in the tails led us to assume that a high C-content might
be unfavorable in this respect. Indeed, more than 90% of a
GGG(CA)15 transcript remained untouched by all three complexes
(Fig. 5A and B), although in similar experiments the 30-meric
poly(A)-RNA was completely processed (Supplementary Fig. 2).
Since U is also underrepresented in the tails, we asked whether
high U-content negatively inﬂuences the exosome. Fig. 5C and D
shows that a G(GU)16 transcript was well degraded and prolonged.
However, the degradation of MCS-RNA was more efﬁcient than the
degradation of its polyuridylated form MCS-RNA(U)20 in competi-
tion assays (Fig. 6A–C). The negative inﬂuence of the poly(U) tail
on polyadenylation was even stronger (Fig. 6D) - more than halfof the polyuridylated substrate was not prolonged by the nine-sub-
unit exosomes, and the hexamer did not tail the MCS-RNA(U)20 at
all, although MCS-RNA was easily polyadenylated by all three com-
plexes [10]. Thus, a high C-content of RNA strongly inhibits and a
poly(U) tail negatively inﬂuences degradation or tailing of RNA
by the exosome of S. solfataricus.
The last ﬁnding shows that the speciﬁcity of the S. solfataricus
exosome differs from the speciﬁcities of the prokaryotic PNPases
and the eukaryotic exosome, which prefer poly(U) [19,20,22]. It
is known that the S. solfataricus exosome can synthesize long
poly(A) and poly(G) tails, while only short poly(U) and poly(C) tails
are synthesized [10], suggesting that the exosome prefers purines
over pyrimidines. This and the fact that the G-content of naturally
occurring RNA tails in S. solfataricus is higher than 30%, suggest that
G is efﬁciently bound by the exosome. This may explain the efﬁ-
cient processing of G(GU)16 RNA in comparison to polyurydylated
RNA. The assumption that the exosome of S. solfataricus prefers
purines over pyrimidines is in agreement with its failure to de-
grade or to polyadenylate a 16S ribosomal RNA (rRNA)-based sub-
strate with a pyrimidine-rich 30-end in vitro [10].
In conclusion, our data show that the sequence and the length
of a substrate are important for its interaction with the S. solfatari-
cus exosome, and that Rrp4 and Csl4 have preferences for different
substrates, which may explain the conservation of both subunits in
archaeal and eukaryotic exosomes. Our ﬁnding that an archaeal
Rrp4-exosome strongly prefers poly(A)-RNA together with avail-
able data on the poly(A)-preference by prokaryotic PNPases and
the activation of the eukaryotic exosome by polyadenylating pro-
tein complexes [7,20,22,23], strongly suggests that polyadenyla-
tion-dependent pathways for RNA processing and degradation
were present in the last common ancestor of the three domains
of life.
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